We studied the growth and magnetic properties of ultrathin Fe͑001͒ films on Au͑001͒ buffer layers grown by molecular-beam epitaxy on MgO͑001͒ single crystals. Epitaxial growth could be achieved by use of a Cr seed layer. Epitaxial quality and surface structure were verified in situ by low-energy and reflection high-energy electron diffraction and scanning tunneling microscopy ͑STM͒. Magnetic anisotropy of Fe films in the range of 3-155 monolayers ͑ML͒ was determined by alternating gradient magnetometry, superconducting quantum interference device, and magneto-optic Kerr effect. The spontaneous magnetization was always in the film plane. Below a critical thickness of 7.3Ϯ0.7 ML we observe a rotation of the cubic easy axes by 45°from the ͗100͘ to the ͗110͘ directions within the film plane. This spin reorientation transition is equivalent to a sign reversal of an effective fourth order anisotropy constant K 1 eff . In addition, a uniaxial in-plane anisotropy is observed, which may be attributed to the step structure of the samples obtained from STM images.
I. INTRODUCTION
In magnetic ultrathin films and multilayers the anisotropy is a result of volume and interface contributions of dipolar, magnetocrystalline, and magnetoelastic origin. This variety of influencing factors opens the way to create new magnetic materials with desired anisotropies. However, the interpretation of experimental data using such a phenomenological classification is questionable because the magnetocrystalline and magnetoelastic constants at interfaces and in ultrathin films in general will be different from the corresponding bulk values and are not known a priori.
On the other hand, considerable progress has been made recently regarding ab initio band theory of magnetic materials. The inclusion of spin-orbit interaction in density functional theory using the local density approximation has made it possible to predict magnetic anisotropies of ultrathin films with surprising success [1] [2] [3] [4] for the uniaxial magnetic anisotropy relative to the film normal. This is of second order in spin-orbit coupling and hence considerably larger than bulk anisotropy in cubic 3d ferromagnets.
Because of altered electronic states at interfaces of 3d ferromagnetic metals due to broken cubic symmetry, however, we can also expect a magnetic interface anisotropy term within the film plane. Highly symmetric surfaces and interfaces such as in ͑001͒-oriented films of cubic metals are especially interesting. Indeed, in-plane interface anisotropy terms with fourfold symmetry have been found experimentally, e.g., for Fe͑001͒ on Ag͑001͒. 5, 6 The quantitative calculation of such an anisotropy, however, is still out of reach of today's ab initio methods because the corresponding energies are very small. Therefore, we have to discuss these anisotropies within the phenomenological scheme used above.
In this sense the origin of fourfold interface anisotropies has been discussed by Heinrich and Cochran. 5 The only mechanisms they consider are related to ''ordered crystallographic defects'' with an in-plane fourfold symmetry. The 1/t decrease of the effective anisotropy with increasing magnetic layer thickness is explained by the gradual removal of these defects during film growth. According to this argument, no interface anisotropy would exist for a magnetic film grown on a substrate with perfect lattice match in the absence of surface relaxation. This interpretation ignores the fact that, even in a film without any distortion of the atomic structure, the breaking of the translational symmetry at the interface will distort the electronic structure which, in turn, is the source of magnetic order and anisotropy via spin-orbit interaction. This means that a purely electronic contribution to magnetic interface anisotropies has to be expected; this interpretation is in agreement with the original concept of magnetic surface anisotropy proposed by Néel. 7 Obviously, in reality the purely electronic effect cannot be separated from the other mechanisms because lattice distortions themselves are a consequence of altered electronic interactions at interfaces. Hence, electronic and atomic structure are intimately connected with each other and will have to be treated selfconsistently in a unified theory of magnetic materials.
In the present work we have studied the in-plane anisotropy of Fe͑001͒ ultrathin films grown on Au͑001͒. Of particular interest is the question if the fourfold interface anisotropy observed earlier 5 is an effect of a specific defect network with high symmetry or if it is an intrinsic property of Fe͑001͒ interfaces which also occurs in films with highly perfect structure.
A change of sign of the in-plane fourfold anisotropy constant K 1 eff was observed for films thinner than 7 monolayers ͑ML͒ which shows up as a spin reorientation transition of the spontaneous magnetization from the ͗100͘ to the ͗110͘ directions in the ͑001͒ plane. From detailed structural investigations we conclude in contrast to previous reports 5 that this anisotropy can be understood as a mainly electronic effect not directly related to defects.
II. EXPERIMENT
Films were prepared on MgO͑001͒ single-crystal substrates by molecular-beam epitaxy ͑MBE͒ at pressures below 5ϫ10 Ϫ10 Torr during deposition. Growth mode, surface structure, and chemical purity of the films were studied in situ by reflection high-energy electron diffraction ͑RHEED͒, low-energy electron diffraction ͑LEED͒, Auger electron spectroscopy ͑AES͒, and by scanning tunneling microscopy ͑STM͒ in ultrahigh vacuum. Film thickness was controlled by quartz-crystal thickness monitors calibrated by RHEED intensity oscillations and x-ray fluorescence spectroscopy. For all samples a gold buffer of 300-500 ML was grown on the MgO substrates at room temperature, using a thin Cr seed layer. The deposition rate was 1-4 ML/min. After annealing the Au buffer at 600 K for several hours, the 10 keV RHEED images show a clear streak pattern indicating a very smooth surface. Iron films were grown at room temperature, with a rate of 0.25-1 ML/min. All Fe films were finally covered by a protective layer of Au ͑20-50 ML͒.
Magnetic properties of the films were determined using magneto-optic Kerr effect ͑MOKE͒, superconducting quantum interference device ͑SQUID͒, vibrating sample ͑VSM͒, and alternating gradient magnetometers ͑AGM͒. With the AGM magnetization curves m(H) ͑m: magnetic moment͒ were measured with the field ͑Hр20 kOe͒ applied parallel to the film plane for various angles between the direction of H and the Fe͓100͔ direction and corrected for the linear contribution from the substrate and buffer layer. MOKE curves ͑Hр650 Oe͒ gave identical hysteresis loops ͑except of lower signal-to-noise ratio͒ ruling out any appreciable substrate influence on the AGM loops.
From the anhysteretic magnetization loops obtained by averaging between both branches of the m(H) curves we determine the energy required to saturate the film, E m ϭ ͐ 0 m s H dm, by numerical integration. From the angular variation of E m ͑͒ we obtain the anisotropy constants as described below. The saturation moment m s was determined by VSM and SQUID magnetometer. All magnetic measurements discussed in this contribution were done at room temperature.
III. FILM STRUCTURE
For the Au͑001͒ buffer layer RHEED and LEED patterns show a clear 5ϫ1 surface reconstruction. This reconstruction is indeed more complex 8, 9 and consists of a hexagonal surface layer on top of the underlying square lattice leading to parallel rows of atoms with a height modulation as visualized in the STM image of Fig. 1 . The presence of a uniform reconstruction over distances of tens of nanometers indicates clean, atomically flat, and unstrained Au͑001͒ surfaces.
Upon deposition of 0.2 ML Fe the reconstruction streaks ͑RHEED͒ and spots ͑LEED͒ of the Au surface vanish and the diffraction patterns of the unreconstructed ͑1ϫ1͒ Au͑001͒ lattice emerge. During further growth of the iron film, the streak/spot positions in the RHEED/LEED images do not change as expected from the small in-plane lattice misfit of 0.5% between Fe͑001͒ and Au͑001͒.
During the growth of the Au covering layer the 5ϫ1 reconstruction reappears after only 3-5 ML of Au. This means that the coverage of the Fe film by Au is practically complete and-together with the observation of RHEED intensity oscillations-indicates a nearly perfect layer-by-layer growth mode for Fe and Au.
IV. MAGNETIC ANISOTROPY
In all the films considered here ͑t Fe у3 ML͒ the spontaneous magnetization is in the plane. A uniaxial interface anisotropy with the easy axis normal to the film plane was observed but is not discussed in this communication. In the following the external field is always applied parallel to the plane.
For thicker Fe films ͑e.g., Ͼ10 ML͒ we find an in-plane magnetic anisotropy of fourfold symmetry with its easy directions along the ͗100͘ axes and the hard directions along ͗110͘ as expected for the cubic anisotropy of bulk bcc Fe. However, for the thinnest films ͑3, 5, 6 ML͒ the directions for the easy and hard axes are interchanged. Figure 2 clearly shows that the saturation field and E m for t Fe ϭ5 ML are smaller for the field applied parallel to the Fe͓110͔ direction than for ͓100͔.
More details are seen by plotting the magnetization energy E m as a function of the angle between the field direction and the Fe͓100͔ direction as shown in Fig. 3 clear fourfold anisotropy and an additional uniaxial term. We therefore fit the data with the following expression for the energy per unit volume, ⑀͑͒:
͑1͒
K 0 accounts for an isotropic contribution. The second term corresponds to the fourfold and the third one to the uniaxial contribution within the film plane. For a bulk sample, K 0 and K u should vanish and K 1 eff should equal the crystalline anisotropy constant K 1 . Therefore, K 1 eff is termed the effective cubic anisotropy constant. 1 accounts for small rotations of the anisotropy axes and is confined to values Ͻ10°. A rotation of the easy axes by 45°with respect to bulk easy axes is equivalent to a change of sign for K 1 eff . The absolute values of the anisotropy constants are determined from SQUID data.
In Fig. 4 the values obtained for K 1 eff are plotted versus the inverse film thickness. The data can well be fitted with the following expression:
where N is the Fe thickness in atomic layers ͑ML͒, d 001 the interlayer distance for the Fe͓001͔ direction. K 1 V is the volume and K 1 S the interface contribution to the effective cubic anisotropy constant. Fitting the data with this expression, we obtain the following results.
͑i͒ Ϫ2 erg/cm 2 found for Fe/Ag͑001͒. 5, 6 A microscopic theory would be needed to relate these values to different spin-orbit coupling.
͑iii͒ The critical thickness of the spin reorientation transition, where K 1 eff ϭ0, is t c ϭ͑7.3Ϯ0.7 ML͒. This is considerably larger than the value of 4.5 ML expected for Fe/ Ag͑001͒ by extrapolating ferromagnetic resonance ͑FMR͒ data of thicker films. 5, 6 ͑iv͒ The uniaxial anisotropy term may be attributed to the step structure of the samples. This is suggested by STM images of the Au covering layer. A quantitative check will be made possible by in situ STM measurements on a larger scale.
͑v͒ An additional rotation of the fourfold anisotropy axes by Ϸ7°is observed for the 3 ML film. It will be studied in more detail if this is a general property of ultrathin Fe͑001͒ films on Au͑001͒.
͑vi͒ No indications have been found for K 1 S to be the result of a specific defect structure as proposed in Ref. 5 . Therefore, we suggest that the fourth order interface anisotropy is an intrinsic property of the Fe͑001͒/Au͑001͒ interface related to enhanced orbital moments first predicted theoretically 10 and observed experimentally in recent x-ray dichroism measurements. eff vs the inverse thickness of Fe͑001͒ films. From a fit ͑solid line͒ of Eq. ͑2͒ to the data we obtain t c ϭ7.3Ϯ0.7 ML as the critical thickness for the in-plane spin reorientation transition.
